Abstract -The value of introduced seed mixtures in providing forage for bumblebees on farmland was assessed by direct observation of individuals and analysis of pollen loads. Two mixtures of perennial grasses and wildflowers were compared with an annual mix of mostly seed-bearing crops over three years. Foraging bees showed contrasting patterns of visitation depending on species. Longer-tongued Bombus species preferred the perennial mixtures in which Trifolium pratense was dominant, whilst shorter-tongued Bombus and honeybees, Apis mellifera, visited mainly Borago officinalis in the annual mix. These patterns were supported by analysis of pollen loads from B. pascuorum and B. terrestris, both species showing a high degree of flower constancy to sown species. The relative specialisation of different bee species towards certain plant families, and the flowering phenology of seed mix components, must be considered in the design of agri-environment measures to conserve these and other pollinators.
INTRODUCTION
Bumblebees (Bombus spp.) provide an essential pollination service for many entomophilous crops and wild flowers, and are therefore an integral component of agricultural and semi-natural ecosystems (Kevan, 1991; Free, 1993) . However, evidence suggests that bumblebees have declined dramatically across Europe and North America in recent decades (Rasmont and Mersch, 1988; Kosior, 1995; Buchmann and Nabhan, 1996) . Of the assemblage of 25 Bombus species in the UK, three species have become extinct and several more have shown marked contractions in range, four of which are on the UK Biodiversity Action Plan as priorities for conservation (Williams, 1982; Anon., 1995) . These declines are thought to be largely due to the intensification of agriculture, which has also affected many other wild pollinators (Kevan, 1991) . Changes in land use and agricultural practices have resulted in the loss of both nesting and foraging habitats, in particular the abundance of key forage plant species associated with semi-natural habitats (Fuller, 1987; Corbet et al., 1991; Haines-Young, 2000) . Thus, there is an urgent need to restore and maintain habitats of value for bumblebees and other pollinating insects in intensively managed agricultural landscapes. This has been recognised at a global level by the launch of the International Pollinator Initiative (Dias et al., 1999) .
Although they can be seen on a number of different flowers, many bumblebee species preferentially visit perennials from the Fabaceae, Bumblebee forage mixtures 327 Lamiaceae and Asteraceae such as Trifolium pratense, Lamium album and Centaurea nigra (eg. Fussell and Corbet, 1992; Goulson and Darvill, 2004) . The flowers of certain annuals such as Borago officinalis (borage), Centaurea cyanus (cornflower), and Raphanus sativus (fodder radish) can also be attractive to some species (Carreck et al., 1999) . Recent developments in European agri-environmental policy have encouraged the introduction of such species to uncropped areas on farmland (Marshall and Moonen, 2002) . For example, in England, legumes (Fabaceae) have been recommended as components of a new option for arable land under the Environmental Stewardship Scheme, referred to as the 'pollen and nectar flower mixture'. Annual species, such as R. sativus, are often included in mixtures of seed-bearing crops under the 'wild bird seed mixture' option to provide winter food and cover for farmland birds (http://www.defra.gov.uk/erdp/schemes/ es/default.htm).
Uncropped field margins sown with perennial wildflower mixtures have been shown to significantly enhance the abundance and diversity of nectar-and pollen-feeding insects compared with margins sown with tussocky grass mixtures, conventional crops, treated as conservation headlands or ploughed and left to regenerate naturally (Meek et al., 2002; Carvell et al., 2004; Pywell et al., 2005) . However, the flowering component of these mixtures has not been specifically designed to provide the range and succession of forage plants required by bumblebees (Bombus spp.). Nectar and pollen are required throughout the colony's active period from late April to September, and any gap in flowering due to management actions or flowering phenology in components of the sown mixture could be detrimental to colony development. In addition, bumblebees have varying tongue lengths depending on species which, amongst other factors, determine their preferences for certain forage plants (Pyke, 1982; Pr s-Jones and Corbet, 1991) . Within species the different sexes may also visit different flowers. Therefore conservation of the full bumblebee assemblage (in terms of foraging resources) requires a range of flowers from which nectar and pollen are accessible (Ranta and Lundberg, 1980; Harder, 1985) .
The aim of this study was to assess the relative value of three contrasting seed mixtures (all available as options under the Environmental Stewardship Scheme) in providing resources for foraging bumblebees on an arable farm. Most studies of foraging bees tend to focus on the flower visits of individuals observed on localised transect walks, and sometimes note whether nectar, pollen, or both are being collected (e.g. Fussell and Corbet, 1992; Goulson and Darvill, 2004) . No studies to date have examined the value of restored habitats by analysing the composition of pollen loads collected by foraging workers, although these can give us useful information about the flowers from which they are obtaining pollen, and about their relative importance based on the proportion of species in each sample (e.g. Brian, 1951; Westrich and Schmidt, 1986) . Bumblebees require pollen for their reproduction as it is the sole protein source for developing larvae, and recent evidence suggests that adult workers have an ongoing need for pollen throughout their lives (Smeets and Duchateau, 2003) . It is therefore important to assess whether newly restored habitats on farmland are providing this resource, if they are to promote conservation of the bumblebee fauna. In this study, we supplemented direct observations of foraging individuals on the three sown mixtures with the collection and analysis of pollen loads from two Bombus species, B. pascuorum and B. terrestris/lucorum, to represent both the long-and short-tongued species guilds respectively.
METHODS

Study site and experimental design
Research was conducted on an intensively managed arable farm of 164 ha, in North Yorkshire, UK (Lat. 54°05'N, Long. 0°49'W; 40 m above mean sea level). This is a demonstration farm which aims to show that practical wildlife conservation and profitable farming can be effectively integrated (http:// www.f-e-c.co.uk). Three seed mixtures were sown along the margin of a large arable field on 17th April 2001. Plots were 30 m long × 6 m wide, each replicated five times following a randomised block design. The treatments comprised two mixtures of native perennial grasses and wildflowers (one 'basic' with three herbaceous species and one 'diverse' with 18 herbs) and one of predominantly seed-bearing cover crops sown annually (Tab. I). In terms of seedbed preparation, plots containing the ŷ 328 C. Carvell et al. two perennial mixtures were ring rolled (levelled), and those with the annual mixture were ring rolled and harrowed prior to sowing. Subsequent management involved an application of slug pellets and insecticide (to control weevils on the Trifolium pratense) during the second month of establishment. Table I . Seed mixture details (* Wildflower seed was of native lowland UK provenance, purchased from a commercial seed house). all plots, recording foraging bumblebees and honeybees, and the flower species on which each bee was first seen, within 2 m to each side of the observer. Bombus terrestris (L.) and B. lucorum (L.) workers cannot always be reliably distinguished in the field (Pr s-Jones and , if considered as two species, so were collectively recorded as B. terrestris/lucorum. We refer to this species pair as B. terrestris from here. Males were recorded separately from females for Bombus lapidarius only, as sex separation of other species in the field can be unreliable. The cuckoo bumblebees (subgenus Psithyrus spp. auct.) were recorded together as a group for analysis.
Flower abundance
In order to gain a measure of forage availability and the success in establishment and flowering of sown species, the number of flowers/inflorescences of each plant species present within each plot was estimated using a 5-point scale: 1 = 1-25 flowers; 2 = 26-200 flowers; 3 = 201-1000 flowers; 4 = 1001-5000 flowers; 5 = > 5000 flowers (as in Carvell et al., 2004) . One flower 'unit' was counted as an umbel (e.g. Daucus carota), head (e.g. T. pratense), spike (e.g. Ononis spinosa) or capitulum (e.g. Centaurea nigra). Plant species nomenclature follows Stace (1999) . Flower abundance scores were recorded on every sampling date, immediately following bumblebee transects.
Collection and analysis of pollen loads
Pollen loads were collected from two species commonly occurring at the study site; B. pascuorum (Scopoli) and B. terrestris, on three dates: 10th, 11th and 12th July 2002, approaching the peak of colony activity in these species (Pr s-Jones and . Within each plot, the first ten workers of either B. terrestris or B. pascuorum that were observed to be carrying pollen loads were caught. A single complete pollen load was removed from each bee using a fresh cocktail stick, whilst the bee was restrained using a marking cage with soft plunger. The Bombus species, flower species on which it was foraging, plot number and treatment were recorded on a label which was placed with the pollen load in a sample tube, and this was cooled at 5 °C for preservation prior to analysis. Weather conditions were noted, but remained fine throughout the three sampling days.
All pollen samples were processed by mixing and embedding as a thin layer in glycerine jelly and mounting on a microslide (Westrich and Schmidt, 1986) . Samples were analysed using a light microscope to identify (a) the pollen genera and where possible the most likely plant species from which they were collected according to the exine morphology and grain size, and (b) an estimate of the percentage species composition of each pollen load based on a count of 200 grains per sample. Species present in trace amounts comprising less than 1% of a load were regarded as possible contamination and were excluded from the analysis. Pollen identifications were made with the aid of reference collections and a full list of plant species in flower at the study site during the period of pollen collection. Where the determination of pollen types to species level was not possible, they were identified to species 'group' or plant family level (e.g. Trifolium repens / hybridum).
Data analysis
Bumblebee and honeybee counts were summed for each year to calculate seasonal averages (ie. the mean number observed by direct observation per sample date on each plot). These bumblebee means were log-transformed to stabilise the variance prior to analysis. Flower scores of individual plant species were also summarised as seasonal averages, giving a mean score per plot. To compare the total estimated flower abundance of all species in flower between treatments, species abundance scores were expressed as the median value for each range as follows: Score 1 = 13 flowers; 2 = 113 flowers; 3 = 600.5 flowers; 4 = 3000.5 flowers; 5 = 15000 flowers. These data were combined into two variables according to whether species had been sown or unsown in the seed mixtures. Differences in bumblebee abundance, flower abundance and species richness (number of species in flower) between the three treatments in each year were tested by two-way ANOVA, including replicates and treatments as factors. Tukey's Honest Significant Difference test was performed on all analyses to assess pairwise differences between the treatments. To examine the possible effects of flower density on differences in bumblebee abundance between treatments, ANCOVAs were performed with 'total number of flowers per plot' (sown and unsown) as the covariate. Changes in flower abundance of key forage species over each sampling season were also examined. Standard deviations on the mean flower scores for each date were calculated as a measure of continuity in forage supply.
The data on pollen load composition were assessed in terms of the total number of species represented within each load (species richness) and the relative proportions of each plant species present. Differences in species richness and percentage of each pollen species per load as sampled from the three treatments were tested by two-way ANOVA, Flower scores for individual species differed significantly between treatments according to the mixtures in which they were sown (Tab. III). The occurrence of a few flowers in plots where a species was not sown is likely to be due to occasional spread of material, including flower heads, by machinery during cutting at the end of the season. Of the dominant flowering components, red clover, Trifolium pratense had similarly high mean abundance scores in both perennial mixtures, whereas borage, Borago officinalis had mean scores of 2.5 and 1.9 in 2002 and 2003 respectively in the annual mixture. These means (calculated as seasonal averages) are lower than expected given the high density of B. officinalis flowers observed, Table II . Differences in number of bumblebees, honeybees, mean total number of flowers and richness of species in flower per sampling date on the three seed mixtures in each year (ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; means within a row followed by different letters are significantly different at P < 0.05).
but are explained by changes in flower abundance over each sampling season (Fig. 2) . T. pratense flowers were relatively abundant on all sampling visits from late May to August, with a relatively low standard deviation on the mean scores per plot for each year indicating a continuous forage supply ( 
Bumblebee abundance
Six social Bombus species were recorded, representing the assemblage most commonly found in the UK. There were significant differences in the total number of bumblebees (altogether 4 925 individuals) visiting the three mixtures in all sampling years (see Tab. II). Abundance was highest on the annually sown mixtures in each year, with numbers in the perennial treatments increasing as the mixtures established. Honeybees were restricted almost entirely to the annual mixture, although numbers fell in 2002 and 2003 (hive density in the surrounding landscape was not recorded). Abundance of each Bombus species differed significantly between treatments (Fig. 1) bold where a species was sown; ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; means within a row followed by different letters are significantly different at P < 0.05).
significant differences between the number of visits to the basic and diverse mixtures. Few cuckoo bumblebees visited the margins, but those that were recorded (Bombus (P.) vestalis and Bombus (P.) barbutellus) showed a significant preference for the annual mixture in 2002 only. When the 'total number of flowers per plot' was added as a covariate to the analysis of differences in bumblebee abundance between treatments, there was no significant effect of this covariate, and the treatment differences described above were unaffected. Thus bumblebee abundance was apparently more strongly related to seed mixture composition than total flower abundance.
Bee activity
Patterns of forage plant visitation as recorded by direct observation suggest a preference for Borago officinalis flowers by the shortertongued bumblebees (B. terrestris and B. pratorum) and honeybees, though these visits were restricted mainly to July and August (Tab. IV). The longer-tongued species (B. pascuorum and B. hortorum) showed a preference for More than 50% of these visits to C. nigra were by males. Of the additional species sown in the diverse perennial mixture that were not included in the basic mix, only Ononis spinosa was visited more than five times by foraging bumblebees.
Pollen load analysis
A total of 149 pollen load samples were analysed; 44 from B. terrestris and 105 from B. pascuorum, this difference being due to the tendency for B. terrestris to forage from the annual mixture and B. pascuorum from both perennial mixtures. Overall, a high proportion of the pollen collected was from plant species sown in the experimental mixtures (88% of all loads in B. pascuorum and 73% in B. terrestris) rather than from other farm habitats. Borago officinalis and Trifolium pratense were the only two plant species for which the mean percentage per load of pollen differed significantly between the three mixtures. They tended to dominate loads sampled from the mixtures in which they were sown (Tab. V).
The typical composition of pollen loads collected by each bee species revealed contrasting preferences for certain plant species (Tabs. V, VI). B. terrestris loads contained pollen from nine species, but only 32% of loads were of mixed species. Borago officinalis pollen dominated 70% of samples, often being the sole pollen type present. Pollens from the unsown species Papaver rhoeas and Rubus fruticosus were also present in some samples, and, where they occurred, constituted up to 90% or 100% of the load. In contrast, B. pascuorum loads represented 13 plant species, but contained mainly T. pratense pollen, which occupied a significantly higher percentage per load sampled from the perennial than the annual mixtures (Tab. V). Many of these loads were of mixed species (53%), containing additional pollen from Lathyrus pratensis and the unsown Trifolium repens / hybridum and Stachys sylvatica.
The composition of a bumblebees' pollen load did not always relate to the forage plant species on which it had been caught. Of the seven loads from B. pascuorum workers sampled on B. officinalis in the annual mixture, only three were dominated by B. officinalis pollen, with others comprising mainly Trifolium species (Tab. V) and one with 90% Linaria vulgaris pollen. The information on forage plant preferences that was gained from pollen load analysis is compared with that from direct observations during July 2002 in Table VI .
DISCUSSION
Annual and perennial mixtures
This study confirms that British bumblebee species show marked differences in their Table V . Differences in mean species richness of pollen loads and mean % of B. officinalis and T. pratense pollen per load sampled from the three mixtures in 2002 (ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; Means within a row followed by different letters are significantly different at P < 0.05).
Pollen / Forage plant species
Pollen analysis n = 44 loads been shown both to dominate within annual mixtures and attract short-tongued bumblebees and honeybees in other studies, along with the non-native species Phacelia tanacetifolia (phacelia) (Williams and Christian, 1991; Carreck et al., 1999; Walther-Hellwig and Frankl, 2000) . Additional species sown in the annual mixture (e.g. Linum usitatissimum and Melilotus officinalis) contributed little to flower abundance or bumblebee diversity, so could be excluded from the mix in future or replaced with other nectar rich annuals such as Centaurea cyanus or Vicia sativa which may improve its value for longer-tongued bumblebees. However, the primary function of these annual mixtures as an agri-environmental measure is to provide winter food and cover for seed-eating farmland birds (Stoate et al., 2003) . The design of such mixtures could be improved to benefit both groups, by providing winter seed for birds and summer pollen and nectar sources for bumblebees and other pollinators. Previous observations of foraging bees on Borago officinalis have indicated that it may be visited mainly for nectar and not for pollen (Engels et al., 1994; Carreck and Williams, 1997) , hence although agronomically viable in the UK, it may be a less valuable forage species than certain perennials. From our results, this was not the case for the short-tongued B. terrestris, as Borago officinalis pollen constituted a large part of its pollen diet. However, pollen sampling was only carried out during a limited period in July, and our counts of flower abundance showed that during both years, B. officinalis flowers were unavailable during May and June, thus restricting bee visitation at these times. This suggests that annual mixtures should either be sown sequentially (Carreck and Williams, 2002) or include a wider range of forage species to benefit bees and other pollinators throughout their individual and colony lifespans. Furthermore, due to its annual nature, this option does not allow the establishment of vegetation suitable as nesting habitat for bumblebees (Svensson et al., 2000) .
Treatments containing the perennial mixtures were visited mainly by the two longertongued bumblebee species, Bombus pascuorum and Bombus hortorum. This reflected the large number of Trifolium pratense flowers, particularly in 2002 when the proportion of unsown species in the sward had decreased.
The lower number of these bumblebees recorded on average in 2003 may have been due to the reduction in availability of T. pratense flowers from July onwards (Fig. 2) or an increase in forage supply elsewhere within their foraging range, although we cannot account for the latter. Bombus lapidarius also visited the perennial treatments to forage mainly on Centaurea nigra, T. pratense and Lotus corniculatus. These patterns generally follow the well documented tendency for bumblebees to utilize flowers with corolla lengths which correspond to their tongue length (e.g. Ranta and Lundberg, 1980; Fussell and Corbet, 1992) , with B. lapidarius showing a tendency to be intermediate in its forage preferences between the longer-and shorter-tongued groups (as in Goulson et al., 2005) . Furthermore, that B. lapidarius males visited C. nigra almost exclusively suggests that purely legume-based forage patches may not cater for the requirements of both bumblebee sexes.
The importance of T. pratense as a pollen source for B. pascuorum was evident in our study, as shown by Brian (1951) in the UK, and Anasiewicz and Warakomska (1977) in Poland. Analyses of pollen loads and the pollen collecting behaviour of the rare long-tongued bumblebee species B. sylvarum and B. humilis in the UK also revealed a strong preference for pollens from the Fabaceae, particularly Trifolium spp. (Edwards, pers. comm.; Goulson and Darvill, 2004) . This may reflect the nutritional quality of Fabaceae pollen for bumblebees, which is yet to be determined. As the need to re-introduce T. pratense to farmland areas and enhance bumblebee populations increases, native seed sources are becoming costly and difficult to obtain. Mixtures with agricultural varieties of this and other legume species are currently being tested by the authors alongside other agri-environmental measures within a multi-site experiment, and show potential to benefit the longer-tongued bumblebee assemblage in particular.
In terms of the relative value of the 'basic' and 'diverse' perennial mixtures tested in this study, both the direct foraging observations and pollen data suggest that the additional species in the 'diverse' mixture contributed little to bumblebee activity, at least during the first three years of development. Lathyrus pratensis may be an important component of sown perennial mixtures as it is likely to develop and prolong the value of this restored habitat for bumblebees (e.g. Carvell et al., 2004) . Considering the costs of native wildflower seed, some other species could be excluded from the mix, but a proportion of open-flowered composites (Asteraceae, e.g. Leontodon hispidus) or umbellifers (Apiaceae, e.g. Daucus carota) should remain to provide resources for other social or solitary bees, butterflies and hoverflies (e.g. Feber et al., 1996; Westrich, 1996) . In addition, the potential for perennial mixtures or other measures to provide early season forage plants for bumblebee queens has yet to be realised and requires further investigation.
Pollen analysis vs direct observation methods
Differences between the preferred forage plants of B. terrestris and B. pascuorum as identified by direct observation were further emphasized by differences in the pollen loads they collected. It is not surprising that most of the pollen types identified were from flower species in the sown mixtures (e.g. B. officinalis and T. pratense), as these were the species which bumblebees were visiting when caught (as in Yalden, 1982) . Still, this highlights the functional importance of the introduced mixtures in providing forage resources relative to the existing farmed landscape. A high degree of flower constancy during each foraging trip was evident from the many single-species samples, as well as fidelity to the experimental treatments, suggesting that many bumblebees were foraging exclusively on the sown mixtures, at least during the peak of colony activity. Several plant species from beyond the experimental area were present in the pollen loads, including Papaver rhoeas, Stachys sylvatica and Rubus fruticosus. That these species had been visited was not apparent by direct observation alone. Mapping the locations and flowering times of these species relative to the experimental margin would in future allow us to examine farm-scale movements of bumblebees, based on the pollen types collected by each individual in a foraging trip. Our data also suggest that, in suitable habitats, B. pascuorum may be able to exploit a similarly wide range of plant species for pollen as B. terrestris. Although B. terrestris is considered the most polylectic of bumblebee species, this may be primarily an artefact of its high relative abundance throughout much of Europe (Goulson, 2003) . That B. pascuorum has the potential to obtain pollen from a wide range of species (although it prefers to specialise on the Fabaceae) may explain why it is one of only two longer-tongued Bombus species remaining common in the UK (Williams, 1982; Goulson, 2003) .
Conclusions and implications for bumblebee conservation
The effects of habitat change in many European agricultural landscapes have resulted in bumblebee communities dominated by relatively short-tongued species such as B. terrestris and B. lapidarius (Walther-Hellwig and Frankl, 2000; Pywell et al., 2005) . These species may well benefit from temporary forage resources such as mass flowering crops, as suggested by Westphal et al. (2003) , or annually sown mixtures including Borago officinalis, as in this study. However, we argue that these foraging resources alone are not sufficient to conserve the full bumblebee assemblage in agricultural ecosystems. Perennial forage plants such as Trifolium pratense are highly valuable, particularly as pollen sources, for the longtongued species. These bumblebees are required to perform a pollination service that cannot be replaced by short-tongued species or honeybees (Corbet, 2000) . Our study provides useful evidence of foraging by long-and shorttongued bumblebee species in habitats created from carefully selected perennial and annual seed mixtures. Further research at a larger scale is now required to fully assess the impacts of introduced foraging habitats on bumblebee populations, rather than simply on the abundance or activity of individuals. In conclusion, we recommend two key factors which should be considered in the design of agri-environmental schemes aiming to conserve bumblebees and other pollinators in agricultural ecosystems: (i) the relative specialisation of different bumblebee species towards certain plant families for nectar and pollen collection, in particular the association of long-tongued species with the Fabaceae, and (ii) the flowering phenology of species chosen as seed mixture components for habitat restoration.
